Ruthenium L 3 -edge X-ray absorption (XA) spectroscopy probes unoccupied 4d orbitals of the metal atom and is increasingly being used to investigate the local electronic structure in ground and excited electronic states of Ru complexes. The simultaneous development of computational tools for simulating Ru L 3 -edge spectra is crucial for interpreting the spectral features at a molecular level. This study demonstrates that time-dependent density functional theory (TDDFT) is a viable and predictive tool for simulating ruthenium L 3 -edge XA spectroscopy. We systematically investigate the effects of exchange correlation functional and implicit and explicit solvent interactions on a series of Ru II and Ru III complexes in their ground and electronic excited states. The TDDFT simulations reproduce all of the experimentally observed features in Ru L 3 -edge XA spectra within the experimental resolution (0.4 eV). Our simulations identify ligandspecific charge transfer features in complicated Ru L 3 -edge spectra of [Ru(CN) 6 ] 4-and Ru II polypyridyl complexes illustrating the advantage of using TDDFT in complex systems. We conclude that the B3LYP functional most accurately predicts the transition energies of charge transfer features in these systems. We use our TDDFT approach to simulate experimental Ru L 3 -edge XA spectra of transition metal mixed-valence dimers of the form [(NC) 5 M II -CNRu III (NH 3 ) 5 ] (where M = Fe or Ru) dissolved in water. Our study determines the spectral signatures of electron delocalization in Ru L 3 -edge XA spectra. We find that the inclusion of explicit solvent molecules is necessary for reproducing the spectral features and the experimentally determined valencies in these mixed-valence complexes. This study validates the use of TDDFT for simulating Ru 2p excitations using popular quantum chemistry codes and providing a powerful interpretive tool for equilibrium and ultrafast Ru L 3 -edge XA spectroscopy.
Introduction
The structure, bonding, redox, and excited state properties of ruthenium complexes have been widely studied in recent years due to their applications as dye molecules for solar energy conversion and catalysts for efficient water splitting.(1-3) In each of these energy conversion applications it has been shown that the electronic structure of the Ru complex critically influences its function. It has become increasingly important to develop experimental probes capable of tracking the rearrangements of 4d electrons with high spatial and temporal resolution in the ground and excited electronic states of Ru complexes. Ru L-edge X-ray absorption (XA) spectroscopy is dominated by excitations from Ru 2p orbitals to unoccupied orbitals with Ru 4d character and is a sensitive tool for understanding the detailed electronic structure of Ru compounds in disordered media. Recent equilibrium Ru L-edge XA measurements have investigated the electronic structure of water oxidation catalysts and enzyme mimics in the ground electronic state.(4, 5) Picosecond Ru L-edge XA spectroscopy has been used to characterize the transient excited states of Ru II polypyridine complexes relevant to solar energy conversion.(6-8)
The interpretation of Ru L-edge XA spectra at a molecular level requires detailed simulations which relate the observed spectral features to the molecular electronic structure around the Ru atom. The most widely used approach for simulating the L-edges of molecular and solid state systems has been the semiempirical charge transfer multiplet (CTM) method developed by de Groot and co-workers and distributed as the CTM4XAS software package.(9) For Ru, this approach would treat only the 2p and 4d electrons explicitly by forming 2p 6 4d N ground states and 2p 5 4d N+1 core-excited states from ligand field theory. The effects of covalent metal ligand interactions that give rise to charge transfer (CT) features in L-edge XA spectra are accounted for by considering 4d N-1 L 1 and 4d N+1 L 1 configurations in the valence space. These simulations 0 for O h symmetry), scaling factors by which Slater integrals and spin orbit coupling differ from atomic values, and charge transfer energies for each system. Moreover, CTM calculations become quite complicated for low symmetry molecules where many ligand field and charge transfer parameters would be required. While these calculations provide great insight and offer a direct connection to ligand field models widely used in inorganic chemistry, they fail to be predictive because a new set of parameters is needed for each molecule. Consequently, it is desirable to have first principles quantum chemical tools that can interpret and predict L-edge XA spectroscopy.
Several recent papers have successfully simulated the Ru L 2,3 -edge spectra of Ru complexes in solution by employing a molecular orbital approximation for core excitations.(4, 10) The orbitals used to determine the excitation energies and transition dipole moments are ground state relativistic spinor orbitals. This approximation has been quite successful in simulating the spectra of [Ru(NH 3 this method is that it completely ignores final state effects, and relies on the orbital energy differences to give the excitation energies. The Z+1 approximation has been used with spin-free orbitals to simulate the L-edge spectra of [Ru(bpy) 3 ] 2+ .(11) While this approach includes final state effects, it has been shown to worsen agreement with experiment in some cases.(10) Finally, we note that there are a number of other methods rooted in relativistic quantum chemistry that could potentially be used to simulate Ru L-edge XA spectra. These include the 4-component static exchange (STEX) approximation,(12) the ab initio multiplet method, (13) and relativistic TDDFT. (14) (15) (16) The disadvantages of these approaches may include the complexity and computational cost of 4-component calculations, reliance on HF theory, or implementations that are limited to closed-shell systems. Consequently, it is desirable to have a computational tool that is predictive and widely available. In several recent works time-dependent density functional theory (TDDFT) has been employed to simulate Ru L 3 -edge XA spectroscopy and has successfully reproduced all spectral features observed experimentally. (7, 10, 17) (26) Following the initial solvation of the complexes, the MM region was optimized, and then the solvent was equilibrated for 100 ps. A constant temperature ensemble at 298.15 K was employed with a Berendsen thermostat. (27) The cutoff for electrostatic interactions was 1.5 nm. During the equilibration step, the QM solute was fixed and represented by a set of atom-centered point charges determined by fitting the electrostatic potential of the solute. The final configuration from the equilibration was taken, and a QM/MM optimization was performed. The latter involves relaxation of both quantum and classical regions. The optimized geometry was used to calculate the X-ray spectra of the mixedvalence species. Within harmonic approximation of solute solvent fluctuations, such an approach typically provides reasonable values for the maxima of the absorption bands. More accurate calculation would involve full sampling of the entire system at finite temperature, but would be computationally prohibitive at this point. All QM/MM calculations were performed with NWChem. (28) Linear-response TDDFT calculations were performed to model the Ru L 3 -edge XA spectra by only looking for solutions to the TDDFT eigenvalue problem which involved single particle excitations from molecular orbitals with Ru 2p character. Scalar relativistic effects were accounted for by the second order Douglass-Kroll-Hess (DKH) Hamiltonian as implemented in ORCA. (29) The COSMO was used in all TDDFT calculations performed with ORCA. We note that effect of the continuum solvent on the excitation energies was insignificant. For XA calculations the def2-SV(P) was used for ligand atoms, and the def2-TZVP basis set was used for Fe. The SARC variant of these basis sets was used. (30) The all-electron Sapporo-DK-TZP basis was used for the Ru atom,(31) but the g functions were removed from this basis greatly increasing the stability of the SCF iterations. All of these basis sets have been optimized for use with relativistic Hamiltonians. The impact of XC functional on Ru L 3 -edge XA spectra will be discussed in detail below. For the purposes of this study we have investigated the pure DFT functional BP. (32, 33) In addition, we investigated the TPSSh,(34) O3LYP,(35) B3LYP, and PBE0 functionals, which contain 10, 11.6, 20, and 25% HF exchange, respectively. TDDFT calculations were also performed using the QM/MM framework by including all classical point charges, and the restricted energy window (REW) approach recently implemented in NWChem. (17) These calculations employed the zeroth-order regular approximation (ZORA) to account for scalar relativistic effects. (36, 37) We note that the same basis sets and energy shifts (listed in Table 3 ) are applied for ZORA results. Spectral profiles for all simulated spectra are generated by convoluting the discrete excitations with Voigt profiles with natural (Lorentzian) and instrument (Gaussian) widths of 1.75 and 0.4 eV, respectively. Figure 1a shows the full L-edge spectrum arising from excitations involving data. (39) The spin-free spectrum is nearly indistinguishable from the case where only 4d SOC has been neglected. The similarity between the spin-free spectrum and the L 3 -edges of spectra that include 2p SOC can be understood in terms of the selection rules of atomic spectroscopy. In the presence of SOC, one can consider the 4d orbitals to have either 4d 5/2 (t 2g ) or 4d 3/2 (e g ) character. Transitions from the 2p 3/2 J = 0 or ±1 dipole selection rule. (39) In the case where SOC and configuration interaction are ignored, this l should be noted that the effects of SOC are more pronounced at the L 2 -edge. It is well documented that 2p 1/2 2g (4d 5/2 ) transitions are dipole forbidden in octahedral complexes. (38, 39) This is evident in Figure 1a where the L 2 -edge contains a single feature when 4d SOC is included (blue curve), but two features are present when 4d SOC is ignored (green curve). Additionally, the intensity branching ratios of the L-edges (defined as the ratio of the L 3 -edge intensity to the total L-edge intensity) depend strongly on SOC and many-electron effects. (40) While we do not suggest that the L 2 -edge should be ignored, we argue that much of the chemically relevant information contained in Ru L-edge XA spectroscopy can be extracted from the L 3 -edge.
It is also important to consider the magnitude of multiplet effects in Ru L-edge XA spectroscopy. The overlap of 2p and valence d electrons show strong exchange interactions between ground and core-excited wave functions in transition metal complexes. As a result satellite features appear in L-edge spectra, and this phenomenon has been termed the multiplet effect. While multiplet effects typically dominate the 2p spectra of 3d transition metal complexes, the overlap of 2p and 4d orbital in Ru is small which diminishes these effects in Ru L-edge XA spectra. (41) Moreover, the 2p SOC in Ru complexes is large preventing the mixing of L 3 -and L 2 -edges. Recent molecular spinor calculations discussed in the introduction suggest that multiplet effects are relatively weak in Ru L 3 -edge spectroscopy.(4) Based on the above discussion, we expect spin-free TDDFT to duplicate all of the experimentally resolved fine structure in Ru L 3 -edge XA spectroscopy and provide a molecular level description of the various spectral features. These assumptions should also hold for other 4d metals and molecules that deviate from octahedral symmetry. III is shown in Figure 2d and contains A, B, and C features. Discussion of the XA spectra and chemistry of the mixed-valence complexes will be addressed in section 4.5. Here, we focus our attention on the spectra of [Ru(NH 3 ) 6 ] 3+ and [Ru(CN) 6 ] 4 , which represent typical Ru III and Ru II compounds. The L 3 -edge spectra of these molecules contain features representative of a broad range of Ru complexes as we discuss below. . The maxima of the spectra have been normalized to unity. Near-edge features in the spectra are labeled A-C, and the positions have been determined by fitting Voigt profiles to the experimental data, which are shown as dashed gray curves. The positions of these features are reported in Tables 1 and 2. As previously discussed, ligand field theory is commonly used to assign features in L-edge X-ray absorption spectroscopy. In O h symmetry, the Ru 4d orbitals are split by the ligand field into two sets of orbitals where the triply degenerate t 2g set is stabilized below the doubly degenerate e g orbitals by the ligand fiel 0 . , one might expect transitions to only the vacant e g orbitals (feature B), but we clearly see another strong spectral feature, labeled C in Figure 2b . We attribute the C feature to Ru 2p 3/2 will discuss in detail below how TDDFT is instrumental in identifying and assigning these charge-transfer excitations. Solomon and coworkers have assigned higher energy spectral features in the Fe L 2,3 -edge XA spectra of ) are simulated with the B3LYP functional and shown in Figure 3 . The positions of spectral features have been determined by fitting the sum of a Gaussian and Lorentzian function to each of the peaks in the spectrum, and their positions are listed in Table 1 . We have applied a functional specific shift listed in Table 3 to each of the calculated spectra. The shift is determined by aligning the B feature in each calculated [Ru(NH 3 ) 6 ] 3+ spectrum to the position of the experimental peak labeled B in Figure 2a . 3+ (see Figure 6 ). We note that due to deficiencies in the XC functionals and neglect of SOC, unshifted energies are not expected to agree with experiment, and a constant energy shift is routinely applied in XA simulations. (43) (44) (45) The shifts in Table 3 provide a calibration energy for each functional. We do not discuss spectral features above the edge jump such as the feature near 2847 eV shown in the simulated [RuCl 6 ] 4-spectrum in Figure 3 . This is because these features appear at energies that are near or above the absorption edge and are likely artifacts of the finite basis set employed in our calculations. Table 1 .
Experimental Spectra of
For a qualitative interpretation of the spectral features shown in Figure 3 , we plot the positive part of the difference density for a transition giving rise to a particular spectral feature in the Ru L 3 -edge XA spectrum in Figure S1 of the Supporting Information. The difference density is defined as the electron density of the excited state less the ground state density. It is a useful way to visualize core excitations when no single valence orbital characterizes the final state. The difference densities confirm that the TDDFT interpretations of the spectra agree with the ligand field description discussed in section 4.2, and the labels A, B, and C are used throughout this work to describe transitions o 2g g
The B3LYP functional does an excellent job of reproducing the experimentally observed energy splitting between spectral features and shifts in the spectra (see Table 1 shift, experimental peak positions are plotted against calculated values in Figure 4 . The linear fit of these data yields a correlation coefficient of 0.991, and the root-mean-square deviation for the data is 0.26 eV, which is significantly less than the lifetime (1.75 eV) and instrument (0. 3-to be a clear outlier, and this is likely due to the fact that the experiment used a separate energy calibration from the spectra that we have measured. However, we note that including the [RuCl 6 ] 3-data in the theory experiment comparison still yields a reasonable correlation coefficient of 0.97. Most importantly, the result in Figure 4 clearly shows that TDDFT calculations employing the B3LYP functional are capable of reproducing each of the major features observed in the experimental Ru L 3 -edge spectra for all the Ru complexes considered in this study. Having calibrated our calculations, several clear trends can be observed from the computed spectra in Figure 3 . As mentioned above, the presence of the A feature in the spectra is a clear indication of an unfilled t 2g band and, in the series of complexes studied here, a Ru III oxidation state of the metal. In addition to the appearance of the A feature; there is a shift of the B feature to higher energy for the Ru III complexes. This increase in the transition energy is largely the result of the energetic shifts of the Ru 2p orbitals upon oxidation. 4-the calculated shifts of the 2p orbital energies agree well with the experimental changes of (6, 7) Our results emphasize the importance of accounting for shifts in the core orbitals when interpreting changes in Ru L-edge XA spectroscopy. Finally, we note that ligand field strengths are also evident in the spectra shown in Figure 3 . In the case of the Ru III complexes, the energy difference between the A and B features (E BA ), gives the ligand field energy within a single particle approximation. Our B3LYP calculations predict an increasing E BA of 2.3, 4.2, and 5.6 eV for the Cl , NH 3 , and CN ligands, respectively.
Charge Transfer Transitions and Functional Choice in Ru L-Edge XA Spectroscopy
One advantage of using quantum chemical methods to simulate XA spectroscopy is that they include all the chemical details of the molecules. While a strong CT feature was easily identified in the spectrum of [Ru(CN) 6 ] 4-, weak CT features vary greatly in intensity and may be ligand specific. Figure 5 shows the simulated Ru 2p spectrum of the 1 A 1 state of the N3 4-molecule that contains both bpy and NCS ligands. In this case, there are spectral features arising from transitions involving the Ru 2p orbitals to valence orbitals of Ru e g character with the two apparent features (B and C) being attributed to the Ru e g and NCS character, respectively. Excitations to the Ru e g 14%, and 11% of the total integrated area of the Ru L 3 -edge spectrum. The e g and NCS features are centered at 2840.6 and 2843.6 eV and are shifted less than 0.1 eV from the positions of the B and C features that were determined by fitting two features to the spectral envelope. Table 1 3+ the spectra show little variation with change of functional. The most significant difference is in the energy splitting between the A and B features (E BA ). In particular, the BP functional underestimates the experimental E BA value of 3.7 by 0.3 eV. All global hybrid functionals overestimate the E BA experimental value resulting in calculated E BA values of 4.0, 4.2, and 4.1 eV for TPSSh, B3LYP, and PBE0, respectively. In the case of [RuCl 6 ] 3-the calculated E BA is 1.5 and 2.3 eV for the BP and B3LYP functionals, respectively. The experimental E BA value of [RuCl 6 ] 3-is measured to be 2.0 eV which suggests that the global hybrid functionals are better at predicting the spin-free properties of these simple octahedral complexes, since an overestimation of E BA is expected when SOC is not included. 4-shown in Figure 6 (right column), the effect of HF exchange present in global hybrid functionals is much more apparent due to the presence of the CT feature, C. With no HF exchange contribution (the BP case) the B and C features have coalesced into a single peak and no charge transfer feature is visible. With 10% HF exchange, the spectrum begins to show two features and fitting the spectrum yields an energy difference between the B and C features of 1.0 eV. B3LYP and PBE0 give an energy difference between the B and C features of 1.7 and 2.0 eV, respectively, and are in good agreement with the experimental value of 1.8 eV. . We focus on the relative CT energy defined as the energy difference between the most intense CT transition and the most intense e g transition and plot it against the percent of HF exchange in Figure 7 . In all cases the relative CT energy increases with the HF exchange content. Transitions arising from CN tals (blue crosses and red circles) have the weakest dependence on HF exchange while the features arising from bpy ligands (black asterisks and magenta plus signs) have the strongest dependence. The strong dependence of the bpy CT states on the HF exchange involved in these excitations as shown in the difference densities plotted in Figure 5 . Use of a pure DFT functional like BP produces a feature that is >2.0 eV below the e g feature yielding a low energy peak in the XA spectrum that is not observed experimentally. The weak dependence of the CN r in the CT state due to strong metal ligand interactions. Based on the above observations, it appears that the B3LYP and PBE0 functionals are able to predict the energies of CT features in Ru L-edge spectroscopy. However, PBE0 consistently overestimates the energy of CT features, and the RMSD for the difference between experiment and theory is 0.44 eV, which is significantly greater than the RMSD of 0.26 eV for B3LYP. If the linear regressions in Figure 7 are used to determine the optimal values of HF exchange, it is predicted that 22%, 21%, and 22% would produce the experimentally observed CT energies for , respectively. Thus, we conclude that B3LYP with 20% HF exchange provides the best choice for XC functional among the set of commonly used functionals that we have investigated. The importance of using global hybrid functionals for TDDFT simulations of XA spectra has been previously discussed for the pre-edge region of transition metal K-edge spectroscopy. We observed that use of the BP functional leads to II spin crossover complex. (47 
Ru
III is in the +2 oxidation state. This conclusion is supported by the Mulliken spin populations reported in Table 4 3+ spectrum. Simulated spectra are shown for vacuum (gas phase), COSMO, shell, and QM/MM treatments of the solvent environment as described in the main text. The maximum of each spectrum has been normalized to 1.0.
As shown previously in Figure 2d , the experimental Ru L 3 -edge XA spectrum for the Ru 
III spectra shown in Figure 9a are broader than the experimental spectra but show three features in the case of the shell and QM/MM models. To identify the individual contributions to the spectra, the B3LYP spectrum of Ru II Ru III simulated with the shell model is plotted in Figure 9b . The blue and red data show the contributions from the individual fragments, and four contributions to the spectrum are identified. The total spectrum contains excitations from the Ru[NH 3 ] fragment where coreexcited states are characterized by excitation into t 2g (A) and e g (B 1 ) orbitals and the Ru[CN] fragment with core excitations to e g (B 2 ) and CN orbitals. Despite containing each contribution observed in the spectra of the model complexes, the spectrum of Ru [CN] shown in red has a different intensity pattern than the spectrum of the model complex where each feature (B and C in Figure 2b ) has nearly equal intensity. The low intensity of the B 2 feature relative to the C feature could account for the discrepancy between the measured and calculated spectra. It is possible that agreement between experimental and calculated spectra may be improved by sampling more molecular configurations. Future studies will take snapshots from ab initio molecular dynamics simulations to determine the degree to which fluctuations in atomic configurations affect the X-ray spectra.
The spectral signature of valence delocalization in the Ru II 
III complex remains clear following the identification of the low energy edge of the B feature in Figure 1d with the e g feature of Ru [NH 3 ] fragment (B 1 in Figure 9b ). With the explicit solvent models the leading edge of the simulated spectrum is well aligned with the experimental data, and the spin populations in Table  4 for these models show that the unpaired electron is well localized on the Ru[NH 3 ] fragment. Use of the implicit solvent model leads is correlated with spin populations of 0.75 and 0.25 for Ru [NH 3 ] and Ru[CN], respectively. The spectral shift is attributed to a delocalization of the valence electrons that increases the charge
